Dense suspensions of hard particles in a liquid can exhibit strikingly counter-intuitive behaviour, such as discontinuous shear thickening (DST) 1-7 and reversible shear jamming (SJ) into a state where flow is arrested and the suspension is solid-like 8-12 . A stress-activated crossover from hydrodynamic interactions to frictional particle contacts is key for these behaviours 2-4,6,7,9,13 . However, in experiments, many suspensions show only DST, not SJ. Here we show that particle surface chemistry plays a central role in creating conditions that make SJ readily observable. We find the system's ability to form interparticle hydrogen bonds when sheared into contact elicits SJ. We demonstrate this with charge-stabilized polymer microspheres and non-spherical cornstarch particles, controlling hydrogen bond formation with solvents. The propensity for SJ is quantified by tensile tests 12 and linked to an enhanced friction by atomic force microscopy. Our results extend the fundamental understanding of the SJ mechanism and open avenues for designing strongly non-Newtonian fluids.
in viscosity when plotted as a function of shear rate). Only the cornstarch and PMMA/ITA suspensions, however, exhibit SJ.
As a method to quickly identify SJ behaviour when scanning across a wide range of suspension parameters, we take advantage of the finding that a shear-jammed state resists flow, and can fracture as a solid. In earlier work, shear jamming was linked to rapidly propagating fronts that transform a fluid suspension into a rigid state and are triggered by impact 8, 11 , starting up Couette shear 10 , or application of tensile stress 12 . In the case of tensile stress, the suspension surface is pulled upwards and the fronts propagate downwards into the bulk of the suspension. Stress is supplied by pulling on the suspension, and balanced by viscous stress at the position of the moving front, where the shear is localized 12 . To enter the SJ regime, both a minimum stress level (or, equivalently, a minimum shear rate) and a sufficiently high packing fraction are required. Although observing the propagating jamming fronts gives a wealth of information about SJ behaviour, the set-up in Fig. 2a provides a simple alternative for verifying the occurrence of SJ, as the solidified suspension resists the upward motion, applying a normal force on the rod (see Methods). This is similar to extensional rheology studies 19, 20 , but rather than extracting the viscosity, here we use the normal force magnitude to identify solidification.
Suspensions that enter the SJ regime produce strikingly different forces during extension than non-SJ suspensions (Fig. 2b ). To characterize these differences, we plot in Fig. 2c the pulling force, defined as the absolute value of the peak force in Fig. 2b , as a function of packing fraction. Even at ϕ = 57%, the glass bead suspensions exhibit pulling forces no larger than those of oils near the same effective viscosity (6 × 10 4 cSt silicone oil). On the other hand, both cornstarch and PMMA/ITA reach pulling forces of 8 N or more, corresponding to stresses in excess of 100 kPa. These stress levels are noticeably larger than achievable under steady-state flow ( Fig. 1d ) and are a quantitative indication of the solidification associated with SJ. For the data in Fig. 2 the pulling speed of the rod was 8 mm s −1 and the onset of SJ is seen to occur at ϕ ≈ 40% and ϕ ≈ 56% for cornstarch and PMMA/ITA, respectively. As was done previously for cornstarch 12 , we verified with high-speed ultrasound imaging that PMMA/ITA exhibits jamming fronts when ϕ is large enough to cross into the SJ regime, whereas less concentrated suspensions produce only viscous flow (see Supplementary Fig. 1 ). Qualitatively, this can already be observed through visual inspection of the suspension column during extension ( Fig. 2d-g) : non-SJ suspensions ( Fig. 2d ,e) experience a neck and pinch-off detachment, whereas SJ suspensions ( Fig. 2f ,g) show cleavage planes suggesting brittle fracture 19 .
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The results in Figs. 1 and 2 rule out particle shape and size as primary drivers for SJ, since smooth, size-controlled PMMA/ITA microspheres around 0.8 μ m in diameter exhibit SJ just as well and even more strongly than rough, irregular cornstarch particles with a median diameter near 11 μ m. This apparent independence from particle geometry drives us to examine more closely the roles of where the scale bar denotes 5 μ m. d, Histograms of the particle size distribution obtained from image analysis. e, Viscosity as a function of applied shear stress measured for PMMA/ITA suspended at volume fraction ϕ = 56.1% in 69% aqueous glycerol, cornstarch suspended at ϕ = 43% in 50% aqueous glycerol, and glass beads suspended at ϕ ≈ 60% in 100 cSt silicone oil. Error bars represent the standard deviation from two to three replicate measurements. Fig. 1e , showing the normal force measured by the rheometer as the rod, initially at rest, is pulled upwards at a rate of 8 mm s -1 . c, Magnitude of peak force from data in b, as a function of volume fraction. High-viscosity (6 × 10 4 cSt) silicone oil is shown for comparison. Error bars represent the standard deviation from five replicate measurements. d-g, Images of the extensional behaviour of aqueous glycerol (d), glass (e), cornstarch (f) and PMMA/ITA (g), corresponding to the data in b. The scale bar in d indicates 5 mm. In each row, the suspension is depicted before the start of the measurement, near the point of peak force and incipient failure, and after detachment of the fluid column. Full videos are available in Supplementary Video 1.
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particle surface chemistry and solvent 21 . Starch particles have surface hydroxyl groups, whereas PMMA/ITA particles have surface carboxyl groups. In aqueous suspensions, this allows both starch and PMMA/ITA to form interparticle hydrogen bonds. Here we show that this chemical contribution to the nature of particle contacts can elicit SJ.
We investigate the effect of introducing a chaotropic agent-that is a compound such as urea that specifically interferes with hydrogen bonding-to the suspending solvent. Figure 3a shows the pulling force as a function of urea concentration for ϕ = 56% PMMA/ ITA suspensions under a pulling speed of 8 mm s −1 . At this speed, shear jamming is eliminated above ~2 M urea. This threshold concentration corresponds to of the order of 10 22 urea molecules per 100 ml of ϕ = 56% suspension, commensurate with the number of hydrogen bonding sites in the system: the particle surface density of COOH groups is around 10 nm −2 (ref. 18 ), which implies ~10 22 surface COOH groups for the 0.8 μ m diameter particles in 100 ml of ϕ = 56% suspension. Meanwhile, DST remains essentially unaffected by the presence of urea ( Fig. 3b ), implying a shift of the DST/ SJ boundary.
To understand this behaviour we consider the state diagram for dense suspensions of frictional particles, which delineates dif-ferent regimes as a function of packing fraction ϕ and applied shear stress τ. The diagram in Fig. 3c was calculated using the model by Wyart and Cates 4 , with parameter values extracted from steady-state measurements of the viscosity as a function of shear rate for different ϕ and urea concentrations (see Methods and Supplementary Figs. 2 and 3 ). For clarity, we do not plot the DST region for 6 M urea. The complete state diagram can be seen in Supplementary Fig. 4 . A similar state diagram was obtained very recently in simulations by Morris and coworkers 22 . Besides ϕ J , the packing fraction beyond which even fully lubricated (that is, frictionless) hard particles will jam, a key parameter setting the DST/SJ boundary is ϕ m , the packing fraction at which the viscosity of frictional particles in suspension diverges. As the urea concentration is increased, we find that ϕ m increases and the DST/SJ boundary is shifted up and to the right (Fig. 3c ). Thus, a ϕ = 56% suspension that, without urea, exhibits SJ at the shear stress level exerted by the pull test (that is, is inside the light green region in Fig. 3c , indicated for example by the blue diamond) can find itself outside the SJ region once urea is introduced (dark green region). Since the DST/SJ boundary is very steep near ϕ m , this makes the pull test a facile method for identifying the emergence, or demise, of SJ as suspension parameters are varied. As the urea concentration is changed from 0 M to 6 M, ϕ J is unchanged, but τ * and ϕ m both increase. As a result, the SJ region shrinks, indicated by the shift from light to dark green. The blue circle, square and diamond qualitatively represent extension tests at the same ϕ = 56.0% but using three different pulling speeds, allowing us to probe different regimes of suspension response to applied shear stress. d, Tensile tests conducted as a function of pulling speed for 56% PMMA/ITA in 69% aqueous glycerol with 0 M urea (top) and 6 M urea (bottom). The step-like increase in pulling force indicates the location of the DST/SJ boundary at a given ϕ. Filled symbols represent tensile tests performed with the rheometer, open symbols represent tests using a linear actuator. Although the latter can generate faster pulling speeds, it is less accurate and gives slightly smaller peak force values (see Methods). However, this does not affect the ability to track the shift in the onset of SJ to higher rates, and thus higher shear stress values. Error bars represent the standard deviation of five replicate measurement.
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In the state diagram, the DST/SJ boundary can be crossed by varying the applied shear stress. Three illustrative points are labelled in Fig. 3c by the blue circle, diamond and square. They identify stress levels where, respectively, only DST is observed, SJ vanishes above 2 M urea, and SJ survives at 6 M urea, all without changing ϕ. In our tensile test this is verified by varying the pulling speed ( Fig. 3d ). Tracking where the pulling force increases sharply provides a convenient means of locating the DST/SJ boundary and of quantifying its shift when urea has been added.
A central aspect of shear jamming is that the packing fraction ϕ m depends on the interparticle friction 4, 9, 22 : a smaller coefficient of friction leads to a larger ϕ m and thus to a smaller range, between ϕ m and ϕ J , over which the SJ regime can be achieved. As a result, the observed increase in ϕ m with increasing urea concentration links the weakening of hydrogen bonding to a decrease in effective friction.
In cornstarch we can similarly manipulate the solvent to suppress SJ while leaving DST intact. Figure 4a shows the pulling response of ϕ = 43% cornstarch in water/dimethylformamide (DMF) mixtures. Water is a polar protic solvent, capable of donating hydrogen bonds. DMF has a viscosity and density very similar to water (0.92 mPa s and 0.944 g ml −1 at 20 °C) but is a polar aprotic solvent, which has no polar hydrogens and thus is not a hydrogen bond donor.
By tuning the concentration of water in water/DMF mixtures, we tune the capacity of the suspending solvent to facilitate interparticle hydrogen bonds, particularly through donating hydrogens, as the particles come into contact under applied shear or separate after shear is released. As the DMF concentration is increased, no change in the pulling force is seen until ~80% DMF, after which the pulling force abruptly drops below the detection threshold. We interpret this to indicate that as long as sufficient water is available to mediate interparticle hydrogen bonding, shear jamming remains unaffected. If the polar protic solvent activity drops too low, hydrogen bonding interactions between particles are insufficient, fewer interparticle hydrogen bonds may form, and shear jamming is suppressed.
Adding a salt to cornstarch suspensions does not change the SJ behaviour (Fig. 4b) , even at ionic strengths around 1 M, where the screening length is reduced to less than 1 nm. The robust independence to ionic strength suggests that hydrogen bonding relevant for SJ behaviour occurs at locations where particles come into effectively direct contact, as opposed to inducing a longer-range structuring of the surrounding solvent-for example, via the creation of solvation shells. The latter has been associated with increased shear thickening in aqueous suspensions of fine silica particles 23, 24 , but not shear jamming.
From these results a picture emerges in which shear jamming is activated when particles are forced sufficiently close that interparticle hydrogen bonds can create the equivalent of strong frictional interactions. To explore more directly the repercussions of hydrogen bonding on the friction between individual particles, we used colloidal-probe atomic force microscopy (AFM), using cantilevers equipped with ~1 μ m spheres functionalized with either carboxyl (COOH) or alkyl (RCH 3 ) surface groups (see Methods). This strategy allowed us to vary the chemistry of only one of the contacting surfaces, isolating its effect. Our AFM data are based on scans near the apex of the particles, 100 nm in distance and sufficiently slow to avoid viscous drag contributions from hydrodynamic interaction with the solvent. This differs from recent work by Comtet et al. 25 , who used a fast oscillatory method to probe friction much more locally. Figure 5a shows the topographical image and line-scan profile of PMMA/ITA particles glued to a substrate with epoxy. Through lateral force measurements (Fig. 5b) , we find that when the cantilever is COOH-terminated to enable hydrogen bonding, the result is a nearly twofold enhancement of the average friction coefficient, μ, from 0.30 (CH termination) to 0.53 (OH termination). Recent simulations 22 also predict that such a change in μ will generate changes of the order of a few per cent in ϕ m , consistent with how we observed SJ to be suppressed by urea.
The notion of hydrogen bonds providing strong frictional interactions introduces a perspective that connects macro-scale suspension behaviour to molecular-scale particle surface properties. We envision the hydrogen bonds as direct, interparticle bonds or as short networks spanning a nano-sized gap between surfaces. In polar protic solvents, such as water, hydrogen bonds are reversible under thermal fluctuations, but the costs associated with bond stretching and bending provide a resistance to slipping. This resistance to tangential motion manifests as an increase in interparticle friction. Our findings in Figs. 3-5 are in line with recent models where SJ emerges only once a sufficiently large fraction of particles have crossed over from interacting via frictionless hydrodynamic lubrication (where ϕ J is key) to undergoing enduring frictional contacts (where ϕ m is key) so that the suspension solidifies and flow ceases 4, 9, 22 . By contrast, DST in dense suspensions can be observed as long as there is enough friction that steady-state shear will generate enhanced stress due to 'frustrated dilation' 5, 15 or, equivalently, intermittent, partial jamming events 2,3,6 .
We can take these results one step further and use them to rationally design systems that highlight or eliminate SJ behaviour. For example, hydrophilic soda lime glass has surface silanol (Si-OH) DMF is a polar aprotic solvent that can displace water and thereby reduce the likelihood of hydrogen bond formation. Steadystate flow curves for these suspensions, demonstrating that DST persists even though SJ has been suppressed, can be found in Supplementary Fig.  5 . b, Peak pulling force as a function of ionic strength by adjusting the NaCl concentration. The data are for ϕ = 43% cornstarch in 50% aqueous glycerol, similar to a. The steady-state flow curves for these suspensions can be found in Supplementary Fig. 6 . Error bars represent the standard deviation from three to five replicate measurements.
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groups, and thus can form interparticle hydrogen bonds. Therefore, suspensions of these particles in water/glycerol mixtures can be expected to shear jam. However, hydrophobic, silane-functionalized glass spheres of the same size are incapable of interparticle hydrogen bonding. When dispersed in an appropriate solvent (for example, silicone oil), the suspensions may exhibit non-Newtonian behaviour, but not SJ. We confirm this in Fig. 5c with commercially available, 3-6 μ m diameter glass spheres (Cospheric). Thus, by carefully considering the particle surface chemistry and solvent, we can tailor the capacity to shear jam. Our work explains why suspensions of starch particles exhibit DST as well as SJ over an appreciable range of packing fractions below ϕ J and under reasonable applied stress levels (or impact/ pulling speeds), whereas (most) other particle systems under such conditions show only DST unless their surfaces are suitably conditioned. It also explains why we can suppress SJ by selectively preventing hydrogen bonding. A key aspect emerging from the data is that, although both DST and SJ rely on friction, the stressactivated solidification associated with SJ requires an enhanced particle-particle contact interaction. Geometric variables such as particle shape and size appear not to pose fundamental requirements for SJ, although they may affect details.
The ability to control SJ through particle surface chemistry provides a powerful tool for the design of suspension-based materials that can transform reversibly from fluid-like to solid-like behaviour in response to applied stresses. At the same time, it points to opportunities for addressing issues that are just beginning to be explored, such as how the various timescales that characterize a jammed solid's relaxation 5, 26, 27 might depend on the surface-chemistry-mediated particle interactions.
Online content
Any methods, additional references, Nature Research reporting summaries, source data, statements of data availability and associated accession codes are available at https://doi.org/10.1038/ s41563-018-0175-5. Whereas hydrophobic, silanized soda-lime glass beads in 100 cSt silicone oil (blue) show no stronger force than a highly viscous fluid, shear jamming is observed in hydrophilic, silanol-terminated glass beads in aqueous glycerol (red). Error bars represent the standard deviation from five replicate measurements. Steady-state rheological measurements for these suspensions are in Supplementary Fig. 6 .
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Methods PMMA/ITA particle synthesis. We synthesized micrometre-scale poly(methylmethacrylate)/itaconic acid (PMMA/ITA) particles according to the procedure reported by Appel et al. 16 . Briefly: methyl methacrylate (MMA), water and itaconic acid are combined in a round-bottom flask. The flask is sealed with a septum and purged with nitrogen. After heating to 85 °C while stirring, 4,4′ -Azobis(4-cyanovaleric acid) is injected to initiate the reaction. The reaction is allowed to proceed for 12 h, after which the particles can be separated by centrifugation and dried. The precise particle size is controlled by the MMA/ water ratio (55 g/125 g for 1-μ m-diameter particles). Particles were imaged with a Zeiss Merlin scanning electron microscope (SEM). Particle surface charge was obtained by dynamic light scattering (DLS) using a Malvern ZetaSizer Nano ZS. Particle sizes were obtained by DLS and SEM image analysis. To ensure all particle characteristics such as size distribution are the same for every experiment, multiple syntheses were conducted and all particles combined together. All PMMA/ITA experiments shown here were done using particles from this combined batch.
Suspension preparation. PMMA and glass suspensions are reported as volume fractions: suspending solvent and dry particles were measured out by mass, and converted to volume through density (1.18 g ml −1 for PMMA/ITA and 2.5 g ml −1 for glass). To obtain precise packing fractions, the suspending solvent was weighed first, and particles were added directly to the solvent while recording mass. Suspensions were allowed to equilibrate for at least 45 minutes before use, and were used the same day to avoid solvent evaporation.
Cornstarch particles have a porosity around 30% and thus absorb solvent, which noticeably raises the actual volume fraction of solids. Han et al. carefully characterized the solvent-dependent absorption to obtain corrected volume fractions 28 . Due to the variety of solvents used in the experiments reported here, we do not perform these corrections, and for cornstarch simply report the uncorrected solids fraction based on the dry material volume dispersed.
Tensile test protocol. For all tensile tests conducted at a pulling speed of ≤ 8 mm s −1 , we used an Anton Paar MCR301 rheometer to pull the suspension surface by withdrawing an 8 mm rod that was partially embedded to a depth of 1 mm in the sample. Simultaneously, we measured the normal force response on the rod. In these experiments, the rheometer applied only a normal extension; there was no rotation of the rod. A schematic of the apparatus with dimensions is shown in Fig. 2a . To ensure the sample volume and contact with the rod was consistent between experiments, a 3D-printed cup was used to contain the sample. The cup was affixed to the bottom plate of the rheometer with doublesided tape, and the suspension was levelled to the top of the cup before lowering the rod.
For pulling speeds > 8 mm s −1 , we used a computer-controlled linear actuator (SCN5, Dyadic Systems). The experiments were performed with the same sample cup and the same procedure as those conducted with the rheometer. The rod head had the same diameter of 8 mm. The force applied on the rod was measured by a force sensor (DLC101, Omega) placed between the rod and the actuator. In contrast to the rheometer, this particular type of electromagnetic actuator produced a linear trajectory with added small oscillations along its axis, mainly as a result of the feedback mechanism controlling its motion. This accounts for the softening of the SJ state, seen in the slight mismatch between the rheometer and actuator data. However, the shift in the onset of shear jamming is clearly apparent.
With the exception of Fig. 3d , all tensile test experiments were conducted at 8 mm s −1 using the Anton Par MCR301 rheometer.
Steady-state rheology. Steady-state rheological experiments were conducted using a stress-controlled Anton Paar MCR301 rheometer with parallel plate (25 mm diameter) geometry. Sample temperatures were maintained to within 1 °C for each run. All experiments were conducted in the range 22-25 °C. A solvent trap was used to mitigate sample evaporation.
State diagram preparation. From the steady state rheology experiments with PMMA/ITA suspensions, we obtained the stress-shear rate curves at different packing fractions ϕ, as shown in Supplementary Fig. 2 . At each ϕ, we found the viscosity of the suspension in the Newtonian regime (η 1 ) and the peak viscosity (η 2 ) if the stress at the peak was below the limit set by the surface tension. The viscosities as functions of packing fraction η 1 (ϕ) and η 2 (ϕ) are shown in Supplementary Fig. 3 . By fitting the data with η 1 = η 0 (1 − ϕ/ϕ 0 ) α (we set ϕ 0 = 0.64) and η 2 = η 0 (1 − ϕ/ϕ m ) β , we obtained the frictional jamming packing fraction ϕ m , the solvent viscosity η 0 and the powers α≈ β = − 1.8.
With ϕ 0 , ϕ m , η 0 and the powers determined, the last remaining parameter is the threshold stress τ * . This was accomplished by calculating the η − γ̇ relations 
( ) eff at all experimentally measured packing fractions, at various τ * . At each τ * , we calculated the difference between the experimental data and the prediction of the model, obtained the sum of squared differences, and took the τ * at the minimum as the best fit. We performed this fitting procedure for data at 0 M and 6 M urea concentration. AFM procedure. An Asylum Research MFP-3D-BIO atomic force microscope operating in lateral force mode was used to acquire frictional force images. Surfacemodified colloidal cantilevers (Novascan Technologies, Ames, USA; k = 0.6 N m −1 and k = 0.09 N m −1 ; tip radius = 1 μ m; surface modification: COOH and CH 3 groups) were calibrated for spring constant and sensitivity, in both the normal and lateral directions. Particles were immobilized in a thin layer of epoxy (Parbond 5105, Parson Adhesives) on top of a glass coverslide and left to dry overnight. Images were acquired in deionized water at a 1 Hz line scan rate at different loads. The particles were first imaged in tapping mode with a silicon cantilever (ACTA, App Nano; k = 37 N m −1 ) to verify that they were not completely submerged in the epoxy.
